Amide bond-containing (ABC) biomolecules are some of the most intriguing and functionally significant natural products with unmatched utility in medicine, agriculture and biotechnology.
Introduction
The formation of an amide bond is one of the major strategies by which biomolecules are assembled from relatively simple precursors in Nature. These amide bond-containing (ABC) biomolecules range from large ribosomally-encoded peptides that are pieced together from the relatively limited pool of proteinogenic amino acids to nonribosomally-encoded peptides as well as essential metabolites and various natural products, which are much smaller in size but are notorious for incorporating a wide array of structurally diverse precursors. Several ABC biomolecules, particularly those considered nonessential to cellular survival (i.e., natural products, also referred to as secondary metabolites), have unparalleled utility in medicine, agriculture, or biotechnology. Due to this significance, there has been considerable effort to unravel the molecular details that guide this thermodynamically challenging event, particularly with respect to how the enzymes select the appropriate precursors for condensation and the catalytic mechanism for carboxylic acid activation that initiates the process. For the latter, coupling with hydrolysis of the phosphoanhydride bond(s) of ATP usually serves as the energy source, and in most cases this occurs through the formation of an acyl-adenylate intermediate as observed during the ribosomally-guided process of peptide biogenesis ( Figure 1A ).
Although adenylating enzymes have received the most attention, the current reality is that alternative, mechanistically unique enzymatic processes have now been established for the biosynthesis of ABC biomolecules, and the enzymes catalyzing these important, convergent reactions, encompass several structural and functional protein families (Figure 2 ). This review focuses on two alternative, less appreciated mechanisms that do not proceed directly through acyl-adenylate intermediates to achieve amide bond formation: ATP-dependent formation of acylphosphate intermediates and ATP-independent transacylation strategies. As described herein, the enzymes employing these mechanisms are now routinely being reported as central catalysts for assembling natural product scaffolds, and bioinformatic analysis suggests this is just the tip of the iceberg. Importantly, there is a great potential for exploiting these comparatively simple enzyme systems for structural diversification of these scaffolds and generating new ABC biomolecules. The reader is directed to several other excellent articles and reviews for information regarding acyl adenylate-forming enzymes and condensation catalysts involved in the more traditional, templated approach for amide bond formation.
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ATP-dependent amide bond formation
ATP-grasp enzymes: mechanism and structure. Enzymatic transformations involving amide bond formation between a carboxylic acid and an amine require the activation of acyl groups to make the overall reaction thermodynamically feasible. More often than not, this energy source is provided by ATP either through hydrolytic coupling of ATP to AMP and PP i or to ADP and P i (Figure 1a) . While aminoacyl-tRNA synthetases and nonribosomal protein synthetases (NRPSs) employ the former, several ABC biomolecules are assembled using the latter route in a reaction catalyzed by enzymes belonging to the so-called ATP-grasp family. Most members of the ATP-grasp family are not only united by the reaction mechanism, wherein a carboxylic acid substrate is activated as an acylphosphate intermediate prior to condensation with a cosubstrate nucleophile (two kinase-type enzymes of the family, pyruvate phosphate dikinase and inositol 1,3,4-triphosphate 5/6-kinase, are exceptions to this mechanism), but not surprisingly by similar structures containing a nonclassical fold for ATP binding that is comprised of two α + β domains responsible for "grasping" or holding a molecule of ATP in the active site. 6 Despite the conservation in carboxylic acid activation and overall structure, a remarkable feature of the ATP-grasp family is the structurally diverse range of substrates that are utilized by each enzyme. The carboxylic acid substrate can be simple, for example formic acid and bicarbonic acid, to quite complex, such as various organic acids including large proteins serving as substrates. Likewise, the nucleophile substrate, which is predominantly an amine or thiol (D-Ala-D-lactate ligase is a notable exception), ranges from simple ammonium ion to a biotin prosthetic group of a carrier protein. This realization makes it difficult to predict, a priori, the function solely through sequence analysis. However examination of the genomic context of several predicted ATP-grasp enzymes clearly indicates a wide-spread and under-appreciated role for these enzymes.
The reaction mechanism of ATP-grasp enzymes is composed of two half-reactions: the first half-reaction involves activation of the carboxylic acid-containing substrate by a molecule of ATP to form a high energy acylphosphate intermediate (Figure 3) . 7, 8 Evidence for this intermediate has been gleaned in part from isotopic exchange studies involving the transfer of a labeled oxygen atom from the substrate to inorganic phosphate, 9 entrapment studies performed utilizing diazomethane trapping 10 and inhibition studies with D-Ala:D-Ala ligase. 11 The second half-reaction occurs by nucleophilic attack that leads to the formation of a tetrahedral intermediate, which is likewise supported by kinetic evidence as well as the use of transition state analogues (Figure 3) . 12 Although the formation of a tetrahedral intermediate is likely the case for most organic carboxylic acids, the decomposition of carboxyphosphate for reactions utilizing bicarbonate as the carboxylic acid substrate have been proposed to proceed through decomposition to phosphate and carbon dioxide prior to nucleophilic attack (Figure 3) . 13 Additionally, an active site base has been implicated for the deprotonation of either thiol-or amine-containing nucleophilic substrate. However, a number of mutational and structural studies have failed to identify the general base.
14 As the name implies, the defining feature of the ATP-grasp family is the ATP-binding site that differs from the more commonly known Walker A motif. The unusual orientation and binding mode of the ATP was initially described as the "palmate (-sheet) fold" upon structural elucidation of Escherichia coli glutathione synthetase, 15 and the ATP-grasp fold was subsequently identified in the E. coli enzymes succinyl-CoA synthetase, 16 biotin carboxylase, and D-Ala:D-Ala ligase. 18 The tertiary structure of all ATP-grasp enzymes consists of three conserved domains termed the N-terminal, central, or C-terminal domains, or alternatively known as A, B, and C domains, respectively. 19 The ATP, which coordinates with Mg 2+ or Ca 2+ ions, is sandwiched between the B-and C-domains, and the B-domain acts as a flexible 'lid' in the absence of ATP that undergoes a conformational change and clamps down over the active site upon nucleotide binding. 20 The largest structural variability among the family lies in the C Table 1 , and several of these enzymes have been biochemically assigned. The potential for the involvement of ATP-grasp enzymes in natural product biosynthesis has also been recognized by analyzing the genomic context within several organisms, which has revealed that these enzymes potentially participate in the biosynthesis of a number of as-of-yet unknown metabolites. 34 Similarly to the enzymes involved in primary metabolism, the ATP-grasp enzymes involved in secondary metabolism have diverse function and substrate specificities. One of the first enzymes of the family to be functionally assigned was cyanophycin synthetase. 35, 36 Cyanophycin is an Asp peptide polymer with each -carboxylate linked to the -amine of an Arg residue ( Figure 5A ). This polymer, which putatively functions as a nitrogen reserve, can accumulate to a molecular weight of 100 kD. Heterologous expression of the gene encoding cyanophycin synthetase from Synechocystis sp. PCC 6803 in Escherichia coli revealed this single gene encoding tandem ATP-grasp domains was sufficient for the de novo synthesis of cyanophycin. 35, 36 In vitro characterization of the recombinant protein from Anabaena 29413 revealed enzyme activity in the presence of Asp, Arg, ATP, Mg 2+ , and a synthetic cyanophycin primer, and polymer formation occurred in a stepwise fashion with C-terminal addition of L-Asp to form the -peptide followed by attachment of L-Arg to form the isopeptide bond. 37 Although the enzyme is specific for L-Asp, L-Arg could be replaced by L-Lys. More recently, the enzyme from Thermosynechococcus elongatus BP-1 was shown to not require a cyanophycin primer to initiate polymer assembly. 38 This enzyme system highlights several intriguing features including the ability of ATP-grasp enzymes to catalyze classical and nonclassical peptide linkages and the relaxed substrate specificity not only with respect to L-Arg but also in recognizing the growing polymer that is elongated at the C-terminus.
A thorough bioinformatic analysis of whole genomes has revealed several instances where a gene encoding a putative ATP-grasp enzyme is clustered with genes encoding NRPS systems. 34 The biosynthesis of the dapdiamides is one such example that was shown to be assembled using two different mechanisms for amide bond formation (
Figure 5B Perhaps the most studied ATP-grasp enzyme in secondary metabolism is BacD involved in bacilysin biosynthesis ( Figure 5D ). BacD, also known as YwfE, was initially shown to function as a dipeptide synthetase that was able to catalyze amide bond formation using multiple combinations of the proteinogenic amino acids. 43 Follow up studies demonstrated BacD is an LAla:anticapsin ligase catalyzing the ultimate step in bacilysin biosynthesis, revealing an ATPgrasp enzyme that utilizes the unusual, non-proteinogenic amino acid anticapsin as an acyl acceptor. 44 The crystal structure of BacD has recently been solved, providing the first opportunity for an in depth analysis of the molecular details driving specificity and catalysis for an ATP-grasp enzyme involved in natural product biosynthesis, thus opening the door for structure-guided enzyme evolution. 45 The utility of peptides for many different applications has spawned considerable efforts toward defining the fundamental mechanisms of ATP-dependent amide bond formation outside of the ribosome, which is perhaps best explored for NRPS. 46, 47 Similar to NRPS systems, the ATPgrasp enzymes utilize a diverse structural range of substrates, which includes various unusual nonproteinogenic amino acids and other acids. This feature of ATP-grasp enzymes, along with the relative simplicity compared to NRPS, gives these enzymes a potentially unequalled value in synthesis and synthetic biology for generating designer ABC biomolecules.
Transacylation
Transacylation is a fundamental reaction catalyzed by the ribosome and condensation domains of NRPS during peptide elongation. 4, [46] [47] [48] The former involves an aminoacyl donor in the form of an ester within a charged transfer RNA, while the latter involves a thioester within a phosphopantetheinyl prosthetic group of an acyl carrier protein ( Figure 1A) . Although some specific aspects of their mechanisms still remain unclear, it is generally agreed that neither the ribosome nor NRPS utilize covalent catalysis via formation of an acyl-enzyme intermediate.
However, it is now established that several enzymes can do just that: catalyze substitution of an acyl acceptor through covalent tethering of the acyl donor during the reaction coordinate ( Figure 1B) . One of the naturally occurring and well characterized examples of this type of transacylase is bacterial serine-type D-Ala-D-Ala transpeptidase, an enzyme which catalyzes peptide cross-linking that is critical for the integrity of the peptidoglycan cell wall. 49 Likewise, many enzymes of the serine protease family and / hydrolase fold superfamily have been shown to catalyze transacylation under artificial in vitro conditions despite their primary metabolic role as hydrolases, suggesting the possibility that transacylation using this mechanism may occur in Nature to assemble ABC biomolecules. The following section covers representative enzymes of the serine protease family or / hydrolase fold superfamily and their utility as catalysts in synthetic chemistry, which is followed by some examples of enzymes whose biological role as transacylases-either dependent or independent of ATP carboxylate activation-have been established.
Utility and mechanism of hydrolytic enzymes in peptide synthesis. Two challenges of traditional peptide synthesis in medicinal chemistry are the potential racemization that occurs during the activation steps and the laborious purification of the final product from an isomeric mixture of peptides. To circumvent these challenges, a number of proteases and hydrolases have been explored as catalysts that function under artificial in vitro conditions to generate peptides from a variety of synthesized or naturally occurring substrates. 50 Initial work with proteases revealed that, in contrast to the normal aqueous conditions where hydrolysis is heavily favored, the reverse reaction can occur in water-restricted conditions resulting in the synthesis of peptide bonds. 51 The two principal strategies enabling this chemistry are (i) thermodynamic control to favor the reverse reaction 52 (by inclusion of water miscible organic media, 53 biphasic systems, 54 and water mimetics 55 ) and (ii) the use of activated substrate esters or N-protected amino acids (fragment-based approach). 56 The latter strategy has been particularly effective for enzymes that operate via an acyl-enzyme intermediate such as the serine proteases. However, ex vivo peptide synthesis by proteases has several drawbacks including the hydrolysis of the products, the rather strict substrate specificities, and the relative instability of these enzymes in anhydrous environments. These limitations inspired the search for non-protease catalysts, which resulted in the discovery of lipases and esterases that catalyze ester aminolysis. an amine nucleophile is highly exothermic and thereby thermodynamically favorable.
60
Proteases in peptide synthesis. Proteases are some of the best characterized enzymes and much of our current knowledge of protein structures and functions are associated with those investigations. 49 As previously noted, exclusion of water is usually essential for exploiting proteases as amide bond-forming catalysts. Thus, several strategies for improving operational stability of proteases in non-aqueous or biphasic systems have been reported, including the use of a variety of immobilization processes such as covalent attachment on various surfaces to encapsulation in polymers. 61 In addition to structural stability, immobilization offers the added advantage of easy recovery and separation as well as economic viability. Protein engineering has also been routinely used to improve catalytic properties-for example, the introduction of a methyl group to the ε-2 N of the active His in chymotrypsin improves aminolysis over unwanted hydrolysis 62 . Alternatively, the implementation of an exopeptidase like carboxypeptidase Y instead of an endopeptidase such as chymotrypsin has further expanded the utility of N-to Cterminus peptide synthesis while limiting hydrolysis. Another example of protein engineering to improve catalysis is with the protease subtilisin, which has been modified to an acyltransferase by mutating the active site serine to cysteine 63 or selenocysteine. 64 A number of dipeptides and other small peptides used commercially for human and animal nutrition and as pharmaceutical entities have been synthesized by utilizing proteases in vitro (Table 2 ). In addition to the utility of preparing relatively small peptides, some proteases have been employed in the modification or synthesis of large polypeptides and proteins. For example, the enzymatic synthesis of Leu-enkephalin, a pentapeptide that binds opioid receptors, was achieved by adopting four different proteases for chain elongation ( Figure 7A) . 65 A similar controlled stepwise, convergent synthesis using an assortment of proteases was adapted for the synthesis of a functionalized octapeptide. 66 Other examples wherein proteases have been used to modify or semisynthetically prepare larger polypeptides include the biologically active 493-515 sequence of human thyroid protein kinase A-anchoring protein Ht31 (Figure 7B) ]-hemoglobin, 71 somatostatin, 72 vasopressin, and oxytocin. 73 Although the aforementioned examples incorporate L-amino acids to generate classical peptide bonds, the utility of proteases in peptide synthesis has been expanded to non-proteinogenic substrates. For example, certain proteases such as chymotrypsin have been shown to directly incorporate D-amino acids. 73 As observed for chymotrypsin, the inclusion of a D-amino acid is often advantageous since the product tends to be less prone to the reverse hydrolytic reaction.
Peptides with nonclassical peptide bonds have also been prepared; a peptidase from Staphylococcus aureus strain V8 has been shown to catalyze isopeptide bond formation via intermolecular transacylation using a thioesterified side chain of Asp or Glu as the acyl donor. 74 Likewise, subtiligase-catalyzed cyclization using a C-terminus glycolate phenylalanylamide ester as the acyl donor has been successful for generating marcrocycles ranging from 12-to 31-amino acids in size. 68 Esterases and lipases of the α/β hydrolase fold superfamily. The three-dimensional crystallographic structures of numerous esterases and lipases have revealed a characteristic α/β hydrolase fold composed of an ordered sequence of α-helices and β-strands. 75 A distinguishing feature of lipases, in contrast to esterases in the superfamily, is the unique property of interfacial activation. 76 Biochemical and structural studies of lipases attribute this feature to a helical 'lid' covering the active site, which undergoes a conformational change to increase the nonpolarity of the active site while simultaneously exposing the catalytic triad for substrate binding. 77 Moreover, lipases prefer long-chained as opposed to short-chained acylglyceride substrates, while esterases tend to use relatively polar substrates.
In contrast to the large number of commercially available microbial lipases, the availability of true commercial esterases is limited. 78 The bulk of esterase-mediated reactions have been conducted with porcine liver esterase (PLE; also called porcine liver carboxyesterase) and its applicability is restricted to reactions performed in aqueous media. 79 PLE was first demonstrated to generate dipeptides with N-protected amino acid esters (Table 3) , 80 and subsequently this enzyme was shown to catalyze intramolecular amide bond formation from γ-amino esters in water to give a mixture of the γ-lactam and the hydrolysis product. 81 Similar results were observed using PLE with the 'degradation' of racemic ethyl 4-phenyl-4-aminobutanoate, where the stereoselective formation of (S)-5-phenyl-2-pyrrolidine was observed alongside the hydrolysis product (Figure 8 ). (Figure 9) . 82 87 the enzymatic synthesis of peptides with DL-configuration is rare yet was readily achieved using the
B. mycoides AEH (Table 4).
Lipases normally function at an oil-water interface catalyzing the hydrolysis of lipids to fatty acids and glycerols. 76 Perhaps not surprisingly, in the first demonstration of lipase-catalyzed aminolysis, it was reported that representative lipases retain their activity even when the bulk of water in the reacting media is replaced by certain organic solvents. 88 The successful application of organic solvents in lipase-catalyzed aminolysis has lead to the search for other versatile lipases that function well in a hydrophobic environment and accept a variety of acyl donors and acceptors. The lipases from porcine pancreas (PPL) 89 and Candida cylindracea (CCL) 90,91 from earlier studies have gradually been replaced by recombinant microbial lipases of increased purity and substrate promiscuity. Currently, the Candida antarctica lipase B (CalB) is used extensively owing to its catalytic versatility. 77, 92 Numerous synthetic applications of lipases have been reported, and the following examples highlight the utility regarding their broad range of substrates and the unique chemistry associated with these transformations. Using CalB, aminolysis of -keto methyl esters with aliphatic, allyl-and benzyl-amines gave the desired products in good yield ( Figure 10A) . 93 Other studies have revealed that the ionization state of the amine determines the outcome of CalBcatalyzed aminolysis. [94] [95] [96] CalB has also been used to convert triolein (olive oil) to its corresponding oleamide by using ammonia as the acyl acceptor ( Figure 10B ). 60 The scope of acyl donor variability of CalB has been extensively examined, revealing the enzyme can use a diverse range of esters [97] [98] [99] [100] [101] as well as dialkyl and dibenzyl carbonates. Figure 10C ) and macrocyclic bislactams via condensation of diamines and diesters ( Figure 10D) . 103 In addition to the previous lipase examples using esters as acyl donors, CCL was shown to catalyze transacylation using an activated N-2,2,2-trifluoroethyl-2-chloropropionamide donor, thus extending the potential utility of these enzymes ( Figure 10E) . 104 Further extension of the utility has been realized upon replacement of the ester with a carboxylic acid, wherein direct amidation of oleic acid using taurine as the acyl acceptor was shown to be catalyzed by Rml (a lipase from Rhizomucor miehei) 102 as well as CalB in hexane and other organic solvents ( Figure   10F ). Staphylococcus aureus. 111 These results provide evidence to suggest serine-dependent transacylation is a feasible mechanism to establish a new amide bond. Interestingly, cysteinedependent transpeptidase variants catalyzing unique reactions compared to the aforementioned PBPs also can be exploited to incorporate D-amino acids through an exchange mechanism.
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The peptidoglycan transpeptidase reaction employs an "activated" acyl donor in the form of DAla-D-Ala that is initially synthesized by the ATP-grasp enzyme D-Ala-D-Ala ligase. A variation of the serine-dependent transacylase mechanism has been reported that employs an overall ATPindependent strategy for amide bond formation starting from the carboxylic acid as the penultimate acyl donor. The enzyme CapW, identified as a putative Class C β-lactamase encoded within the biosynthetic gene cluster for the capuramycin family of nucleoside antibiotics, 113 was found to catalyze a transacylation resulting in the addition of an Laminocaprolactam at the expense of the methyl ester ( Figure 12A) . 114 The methyl ester was shown to be produced by CapS, an S-adenosyl-L-methionine-dependent carboxylmethyltransferase that activates the carboxylic acid component of the capuramycin precursor to the methyl ester, thereby providing a kinetically competent substrate for the transacylase. The putative active site Ser of CapW was mutated to Ala resulting in loss of enzyme activity, lending support to the hypothesis that the reaction proceeds by a serinedependent acylation/deacylation mechanism typical of Class C β-lactamases.
Methyl esters are common in natural products of plant origin and are particularly prevalent in alkaloids exemplified by cocaine and vinblastine and small molecules employed in defense or regulatory processes such as jasmonate and franesoic acid ( Figure 13A ). This conceptually simple modification has a profound effect on the properties, and is generally considered as a strategy for plants to prepare volatile metabolites. [115] [116] [117] [118] Methyl esters are less commonly encountered in bacterial metabolites but nonetheless are known, for example within the porphyrin pheophytin that are produced by several photosynthetic bacteria and certain anthracycline polyketides from Streptomyces sp such as nogalamycin and aclacinomycin A ( Figure 13B) . 119, 120 Methyl esterification in these two bacterial metabolites significantly increases the acidity of the -position, thus enabling downstream chemistry. While the methyl ester is directly observed in the final product for these examples, cryptic carboxylmethylation has been reported during the biosynthesis of biotin, 121 streptonigrin, 122 and certain thiopeptide antibiotics. 123 For the former methyl esterification is used to divert the fatty acid building block malonly-S-acyl carrier protein into the biotin biosynthetic pathway ( Figure 12B) . 121 In contrast to biotin and thiopeptide biosynthesis, however, cryptic carboxylmethylation in capuramycin biosynthesis by CapS serves a distinct purpose: to activate the carboxylic acid for intermolecular amide bond formation, thus effectively replacing ATP as the thermodynamic driving force (Figure 1C) . A similar carboxylmethylation of isoaspartic acid side chains within eukaryotic proteins that promotes intramolecular peptide bond formation has been described. 124 Perhaps the most important aspect of the discovery of the tandem reactions catalyzed by CapS/CapW is the fact that many of the aforementioned serine-dependent proteases and enzymes of the / hydrolase superfamily readily convert methyl esters to a variety of amides in vitro, suggesting this chemistry is feasible within an organism and carboxylmethylation/transacylation catalyzed by CapS/CapW may not be an unique example.
Conclusion
We have highlighted mechanisms of amide bond formation that are distinct from the templated systems utilized for ribosomally encoded peptides and peptides produced using modular
NRPSs. An important feature of the enzyme catalysts described here, along with other examples mediating amide bond formation by transacylation that were not covered such as translgutaminases, 125, 126 sortases, 127 and cysteine protease family enzymes, 128 among others, is that the specificity for the acyl acceptor and donor is directly dictated by the enzyme, a property that has been exploited to generate structurally diverse, unnatural ABC biomolecules. Protein engineering via directed evolution or structure-guided mutagenesis, and the co ntinued discovery and characterization of natural versions of these enzymes with unique substrate specificity profiles and catalytic properties-which bioinformatic analysis of whole genomes clearly indicates is highly probable-will undoubtedly expand upon the scope of substrates that are utilized by these enzyme catalysts and provide unmatched tools for applications in drug discovery and molecular design. 
